Inward-rectifier K ؉ (Kir) channels play many important biological roles and are emerging as important therapeutic targets. Subtypespecific inhibitors would be useful tools for studying the channels' physiological functions. Unfortunately, available K ؉ channel inhibitors generally lack the necessary specificity for their reliable use as pharmacological tools to dissect the various kinds of K ؉ channel currents in situ. The highly conserved nature of the inhibitor targets accounts for the great difficulty in finding inhibitors specific for a given class of K ؉ channels or, worse, individual subtypes within a class. Here, by modifying a toxin from the honey bee venom, we have successfully engineered an inhibitor that blocks Kir1 with high (1 nM) affinity and high (>250-fold) selectivity over many commonly studied Kir subtypes. This success not only yields a highly desirable tool but, perhaps more importantly, demonstrates the practical feasibility of engineering subtypespecific K ؉ channel inhibitors.
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block ͉ inhibition ͉ K channel ͉ tertiapin ͉ toxin T ertiapin (TPN), a toxin present in honey bee venom (Fig.  1A) , inhibits certain subtypes of inward-rectifier K ϩ channels (1) . Kinetic studies indicate that the toxin inhibits the channels with 1:1 stoichiometry (2, 3). It does so by binding to the external vestibule of the K ϩ -conduction pore that is formed by the linker between the first and second transmembrane (M1-M2) segments. This latter inference is derived from the following observations. First, transferring the linker of a TPN-sensitive channel to a nonsensitive channel confers TPN sensitivity on the recipient channel (4) . Second, alanine (and other) mutation at many residues (114-123, 146, and 148 of Kir1.1) within the linker (Fig. 1D ) significantly affects toxin binding to the channel (2, 3) . TPN is a highly compact protein of 21 residues. Its C-terminal portion (histidine 12 to glycine 19) adopts an ␣-helical structure, whereas the N-terminal half acquires extended conformations (5) (Fig. 1B) . Two pairs of disulfide bonds help to hold the two parts together. Alanine-scanning mutagenesis shows that TPNЈs channel-interacting surface is mainly formed by its ␣-helix (2) (Fig. 1C) , whereas classic pore-blocking scorpion toxins bind to the pore of a voltage-or Ca 2ϩ -activated K ϩ (Kv or Kca) channel mainly via certain ␤-sheets (6) (7) (8) (9) . A mutant cycle study shows that residue 13 of TPN ( Fig. 1 A-C) interacts with F148 of Kir1.1 (10) (Fig. 1 D-F) , a channel residue located near the external opening of the pore.
There are many small protein-based toxins that inhibit Kv or Kca channels; each toxin usually inhibits several Kv subtypes with different affinities. However, they generally do not have the necessary specificity to be used reliably as pharmacological tools to dissect the various kinds of K ϩ channel currents in situ (11) . This is also the case for TPN. For example, TPN inhibits homotetrameric Kir1.1 (12) with a K d of Ϸ1 nM and heterotetrameric Kir3.1/3.4 (13-15) with Ϸ10-fold lower affinity (1) . The affinity of Kir3.1/3.4 for TPN seems to reside in the Kir3.4, not Kir3.1, subunit, because the mutant homomeric Kir3.4, not Kir3.1, channels are sensitive to tertiapin (4) .
The cardiac Kir3.1/3.4 mediates vagal control of pacemaker activity, whereas the renal Kir1 mediates salt reabsorption. Genetic defects in Kir1 lead to type II Bartter's syndrome with characteristic volume depletion and hypotension (16) . The fact that mutations in Kir1 cause hypotension makes this channel a plausible novel target in the treatment of hypertension. Unfortunately, TPNЈs expected cardiac side-effects would thwart attempts to test the concept of this novel anti-hypertensive approach. where the residues whose alanine mutation affects TPN binding Ͼ1.5 kcal/mol (2) are colored purple. (E and F) Side (E) and extracellular (F) views of a ribbon representation of the crystal structure of a chimera, which is formed by joining the transmembrane pore of a bacterial Kir with the cytoplasmic pore of eukaryotic Kir3.1 (28) . The four equivalent residues that correspond to F148 of Kir1.1 are maroon.
of semirandom peptide libraries. Through these studies, we found that the H12K mutant preferentially inhibits Kir1 over Kir3.1/3.4 with additional 8-fold higher selectivity than the wild type. We thus first focused on the role of residue 12 ( Fig. 1 A and C) in determining TPNЈs channel selectivity. The overall amino acid sequences of members within a given Kir subtype (e.g., Kir3.1 versus Kir3.4) are significantly different, except the Kir1 subtype. The Kir1.1, Kir1.2 and Kir1.3 are alternative splicing variants that differ only in the length of their N terminus (12, (17) (18) (19) and all three should thus interact with TPN in the same way. For continuity, we used Kir1.1 to carry out the study.
Effects of Mutations of TPN on Channel Selectivity. We first examined the selectivity of TPN variants in which H12 was replaced with each of the remaining natural residues except cysteine, omitted so as not to interfere with the formation of two essential disulfide bridges. The replacement was done on the background of the M13Q mutation, which prevents the spontaneous oxidation of TPN that lowers its affinity (10) (the derivative with the M13Q mutation is denoted as TPN Q ). Fig. 4 A and C, respectively. The channel selectivity of individual variants, defined as the ratio of K d between the two channels tested, varies greatly, ranging from only 4-fold for the H12D derivative to as high as 320-fold for the H12L derivative (Fig. 4E ). Recall that TPN itself (as well as TPN Q (10) has a 10-fold higher affinity for Kir1.1 than for Kir3.1/3.4. Thus, the H12L mutation increases the selectivity by an additional 30-fold. The H12L variant has a slightly higher affinity (K d ϭ 1.1 nM) for Kir1.1 than TPN Q itself (K d ϭ 1.3 nM) but a 30-fold lower affinity for Kir3.1/3.4 (K d ϭ 361 nM). Therefore, the increased Kir1.1 selectivity of the H12L variant derives almost completely from the 30-fold reduction in its affinity for Kir3.1/3.4, a desired outcome. We will refer to this H12L variant of TPN Q as TPN LQ .
We next examined whether mutations at the neighboring residue 13 also affect channel selectivity, which has been shown to interact with a channel residue that surrounds the external opening of the ion conduction pore (10) . Most of the 18 substitutions lower the affinity of TPN for both channels (Fig. 4  B and D) , and most exhibit little or no channel selectivity. However, the 13R and 13W variants exhibit 140-and 116-fold selectivity for Kir1.1 over Kir3.1/3.4 ( Fig. 4F) , which, again, results mainly from reduced affinity for Kir3.1/3.4.
Nonadditivity of Mutations of TPNs Residues 12 and 13.
In the bound state, the residues at positions 12 and 13 are located near the external opening of the pore. How these two residues are packed in this spatially constrained region may be a critical factor underlying the observed channel selectivity. If so, it is unlikely that they would act independently. To test this, we compared the effects of single mutations at position 12 or 13 with those of the corresponding double mutations. A leucine residue at position 12 produces the highest selectivity (Fig. 4E ), whereas at position 13 an arginine or a tryptophan residue produces comparably higher selectivity (Fig. 4F) . Below, we first discuss the results with the H12L and Q13R pair ( Fig. 5 A and B) . (Fig. 5A) . Consequently, the double-mutant toxin (H12L and Q13R) is only 25-fold selective between the two channels, which is less selective than either single-mutant toxin. For similar reasons (Fig. 5 C and D) , the H12L and Q13W double mutant toxin is only 60-fold selective.
Because the presented studies involve only residues at two positions, we did not formerly invoke the concept of thermodynamic mutant cycle analysis (8, 20) to rationalize the data. However, for those who are now more accustomed to thinking in that way, we point out that the values of the coupling coefficient ⍀ (8) for the mutant cycle box in Fig. 5 A-D (24) [coexpressed with a sulfonylurea receptor (SUR)] or Kir6.2-⌬C26 (25) (a constitutively active Kir6.2 mutant lacking the 26 C-terminal residues). For each of these channels, and for the control channels, the fraction of current not blocked is plotted against the TPN LQ concentration in Fig. 6 A-D Additionally, we tested TPN LQ against several Kv channels. Fig. 7 A-D shows the current traces of four Kv channels, recorded in the absence or presence of 5 M TPN LQ . At this high concentration, TPN LQ has no inhibitory effects on these channels, as the current traces before and after the toxin application are superimposed. The percentage of currents of all channels that remained after the application of 5 M TPN LQ is summarized in Fig. 7E .
Discussion
TPN is, thus far, the only reported nanomolar-affinity inhibitor for any Kir channels. It inhibits Kir1 and Kir3 channels with modest H Q 12 13 H Q 12 13 H R 12 13 H R 12 13 L Q 12 13 L Q 12 13 L R 12 13 L R selectivity. Practically, an inhibitor with Ͼ100-fold selectivity is required to achieve selective inhibition of a given channel current, because at a concentration of 10 times K d , it would inhibit the targeted current Ն90% but other currents Յ10%. In the present study, we successfully developed a TPN derivative, TPN LQ , that inhibits Kir1 with not only high affinity (K d ϭ 1 nM) but also high specificity (Ͼ250-fold) among six commonly studied Kir (and some Kv) channels tested here. This was achieved by decreasing the affinity of TPN for (heteromeric) Kir 3 but retaining its nanomolar affinity for Kir1. Also importantly, TPN LQ is devoid of two previously identified adverse features. Residue H12 in wild-type TPN renders its channel affinity highly sensitive to pH (26) , whereas M13 undergoes a spontaneous oxidation that significantly lowers the toxin's affinity (10) . TPN LQ does not have these undesirable features as H12 is replaced by nontitratable leucine and M13 by nonoxidizable glutamine. TPN inhibits a Kir channel by occluding its ion conduction pore from the extracellular side. The TPNЈs channel interaction surface is formed by the residues in its C-terminal half (H12-K21) (Fig. 1C) . A mutant-cycle study from our laboratory showed that residue 13 of TPN (Fig. 1 A-C) is interacting with residue F148 in Kir1.1 (10) (Fig. 1 D-F) , a residue that corresponds to the residue that forms the high-affinity tetraethylammonium site in Kv channels. Four F148 residues, one from each subunit, surround the external opening of the narrow K ϩ selectivity filter (27, 28) . Thus, in the bound state, much of the toxin's channel-interacting surface must adhere to the channel's vestibule (which involves residues 114-123) in such a manner that residue 12 and its neighboring residue 13 lie near the F148 of Kir1.1 (2, 4, 10) , four of which surround the external opening of the narrow K ϩ pore. Given these spatial constraints and because the effects of the H12L and M13R (or M13W) mutations are not additive (i.e., not independent) in increasing selectivity, how residues 12 and 13 of TPN sterically fit into that spatially constrained region appears to be a crucial determinant of TPNЈs selectivity among Kir subtypes.
Although wild-type TPN (or TPN Q ) could be used to distinguish and isolate Kir1 and some Kir3 channels from other Kir subtypes, TPN LQ developed here can further distinguish between homomeric Kir1 and heteromeric Kir3.1/3.2 or Kir3.1/3.4. More important conceptually is our demonstration of the feasibility of engineering high-affinity and subtype-specific K ϩ channel inhibitors.
Materials and Methods
Synthesis of cRNAs and Their Expression in Xenopus oocytes. The cDNA of Kir1.1 was subcloned in the pSPORT vector, and those of Kv1.3 and Kv1.5 were subcloned in the pSP64 vector. The cDNAs of Kir2.1, Kir3.1, Kir3.2, Kir3.4, Kir4.1 Kir6.2, Shaker(-IR), Kv2.1, SUR1, and the M2 receptor were all subcloned in the pGEM-HE vector. All mutant cDNAs were obtained through PCR-based mutagenesis and confirmed by DNA sequencing; cRNAs were synthesized by using RNA polymerase from the corresponding linearized cDNAs. Channel currents were recorded from whole oocytes (previously injected with cRNA encoding relevant channels), using a two-electrode voltage clamp amplifier (Warner OC-725C). The recorded signal was filtered at 1 kHz and sampled at 5 kHz, using an analog-to-digital converter (DigiData 1322A) interfaced with a personal computer. The pClamp8 software was used to control the amplifier and acquire the data. The resistance of electrodes filled with 3 M KCl was Ϸ0.2 M⍀. The bath solution for recording Kir currents contained 100 mM K ϩ (Cl Ϫ plus OH Ϫ ), 0.3 mM CaCl2; 1 mM MgCl2, and 10 mM HEPES (pH 7.6 adjusted with KOH). The bath solution for recording Kv currents contained the same ingredients, except that K ϩ and Na ϩ were 20 mM and 80 mM, respectively. Kir3.1/3.2 and Kir3.1/3.4 [coexpressed with mascarinic type 2 (M2) receptors] were activated with 1 or 150 M acetylcholine, and Kir6.2 (coexpressed with SUR1) with 3 mM sodium azide. All TPN derivatives were prepared as described in ref. 1 . 
